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PATTERNING POROSITY IN HYDROGELS 
BY ARRESTING PHASE SEPARATION 
SEN WANG 
ABSTRACT 
 Poly (ethylene glycol) (PEG) hydrogels have been used extensively in biological 
and tissue engineering, because of their outstanding biocompatibility and processability. 
However, it is not yet possible to process soft materials like PEG hydrogels with the 
requisite precision and throughput needed to recapitulate macroscopic biological tissue 
with control over every hierarchical scale. In this study, porous PEG hydrogels are 
processed by a phase separation method and patterned in a single photolithographic step. 
The thermodynamics of the temperature triggered spinodal decomposition of a ternary 
mixture of water, salt, and polymer are studied resulting in a ternary phase diagram and a 
spinodal temperature plot. Importantly, the state of porosity can be frozen by exposing the 
hydrogel to UV light to form a crosslinked hydrogel network. The average pore size can 
be tuned by changing delay between the application of heat and UV exposure. By utilizing 
grey-scale photomasks, a single process can be used to define regions of pure hydrogel, 
porous hydrogel with a programmed average pore size, and blank substrate with no 
hydrogel. In addition to representing a combination of a top-down and a bottom-up 
processes that enables the realization of complex samples, the simplicity of this process 
and the versatility of the resultant patterns could provide a useful capability for the 
definition of hydrogel samples for the development of advanced biomaterials. 
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1.1 Tissue Scaffold and the Existing Problem 
Biological tissue (Figure 1.1a) is a cellular organization that bridges cells and a 
complete organ as it is an ensemble of similar cells with extracellular matrix from the same 
origin. Studying biological tissue becomes important as it enables us to diagnose and 
classify diseases; to monitor progress of therapy and even to repair damaged cells. In order 
to have a better understanding of the behaviors of cells, tissue engineering was then 
introduced as people use artificial tissue scaffolds to culture and grow cells in vitro to 
mimic their endogenous environment. Figure 1.1b is an example of solving problem by 
tissue engineering. Tissue scaffold is a remarkably complex heterogeneous material with 
distinct structural features that span the nanometer to centimeter scales,1-5 and it plays a 
critical role in the tissue engineering as they are used to form viable tissues for designed 
function and medical purposes by combining them with cells and biologically active 
molecules. 
 
Figure 1.1. (a) Biological tissue. (b) A simplified overview of the general 
methods used in regenerative medicine.6 
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In order to fabricate such biocompatible materials as the matrix for cell culturing, 
techniques such as 3-dimensional molding and templating with monomers have been 
introduced previously to create porous structures within materials such as 
polydimethylsiloxane (PDMS)7 and PEG8 at scales that are commensurate with the cell 
sizes. While the structural control approaching this level is possible in the context of state-
of-the-art integrated circuits,9 it is not yet possible to process soft materials with the 
requisite precision and throughput needed to recapitulate macroscopic biological tissue 
with control over every hierarchical scale. 
 
1.2 PEG Hydrogel 
Hydrogels are a kind of polymer with hydrophilic chains and they have been widely 
used in tissue engineering due to their biocompatibility and processability.3,8 PEG 
hydrogels are one of the leading materials for applications in biological field as they can 
be easily synthesized by photo-crosslinking poly (ethylene glycol) diacrylate (PEGDA) 
(Figure 1.2).  
Figure 1.2. (a) Chemical formula of PEGDA. (b) Photo-crosslinking 
process of synthesis PEG hydrogel.10 
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While patterning hydrogels in aqueous environments introduces challenges not 
normally encountered in lithography for semiconductor processing, there have been 
remarkable advances in preparing hydrogel structures with a high degree of spatial control. 
In addition to examples of patterning two dimensional arrangements of hydrogels using 
photolithography,8,9 direct write additive manufacturing allows the structure of hydrogels 
to be tuned in three dimensions, albeit with a tradeoff in throughput.1,11 Additionally, 
photolithography has been adapted to pattern hydrogels with spatial control over their 
stiffness.3 While these approaches allow hydrogels to be patterned on the microscopic scale, 
controlling local porosity remains a major challenge.12 Porosity in a hydrogel can be 
achieved by several different ways including phase separation13 and lyophilization.14,15 
Here, phase separation is using so-called porogens which is a kind of chemical or structure 
that can generate pores in hydrogel. Interestingly, there exist many approaches for 
preparing bulk hydrogel samples with known porosity and these generally occur by 
introducing a porogen, or a sacrificial material that holds the place of a pore while the 
hydrogel is crosslinked around it.16 A critical feature for porogens is that they have to be 
removable after crosslinking, which has led to the study of immiscible liquids,17 air 
bubbles,18 and notably salt crystals,19 all of which can be removed post synthetically in a 
process known as leaching. Despite progress in the development of porogens, there is 
currently no way of scalably patterning the size and density of pores in a hydrogel. 
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1.3 Research Scope and Expected Outcomes 
In this study, a complex PEGDA, water and NaCl ternary solution was studied as 
the precursor for making porous hydrogels by a photo-crosslink process. Pores would be 
generated by phase separation, which is driven by a temperature change. Therefore, the 
thermodynamics of the solution was first studied to understand the mechanism of pore 
generation to further control the pore size. Photolithography was then used for patterning 
the hydrogel using the precipitated crystals as the porogen by controlling its thermal 
conditions. In this case, heating parameters were varied to study the relationships between 
them and the pore sizes within the hydrogel. Furthermore, a single process was explored 
to define regions of pure hydrogel, porous hydrogel with a programmed average pore size, 
and blank substrate with no hydrogel by utilizing grey-scale photomasks. (Figure 1.3) 
Figure 1.3. Lithographic process for controlling the position and porosity 
of PEG hydrogels. By exposing a sample to UV light at different times 
during the phase separation process, the phase separation can be arrested 
leading to pores of well-defined size. 
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2.1 Photo-Crosslinking and Phase Separation Methods 
 Crosslinking is a chemistry process that forms bonds between each polymer chain 
to form a solid network.20 The polymer here can be either natural or synthetic polymer, and 
the bond can be covalent or ionic bonds. In this study, photo-crosslinking is used to 
crosslink PEGDA chains by exposing them to UV light in the presence of the photo-
initiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) (Figure 2.1) 
Figure 2.1. (a) Process of making pure poly (ethylene glycol) (PEG) 
hydrogels by photocrosslinking poly (ethylene glycol) diacrylate (PEGDA) 
with the photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA). (b) 
Process of making porous PEG hydrogels through the heat-induced phase 
separation of a solution of PEGDA, DMPA, NaCl and water. 
 
Previous studies explored salt crystal as porogen to create pores using the so-called 
salt-leaching process. Here, porogens are generated by phase separation of the solution 
driven by temperature change (Figure 2.1b). Specifically, one of the two separated liquid 
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phases (orange in Figure 2.1b) contains more PEGDA but less water, another one (light 
blue in Figure 2.1b) contains a small amount of PEGDA exists as small liquid drop in the 
solution and cannot be crosslinked. The thermodynamic details of the solution will be 
discussed in chapter 3. After exposing to UV light and rinsing with water, those small 
liquid drops will leave voids in the hydrogel matrix. 
 
2.2 Preparation of Photomask 
Photolithography is a commonly used technique in micro-/nanofabrication to make 
patterns on substrates. It uses UV light to transfer the patterns from a photomask to a light-
sensitive photoresist, which is then followed by chemical development to remove either 
exposed or unexposed areas based upon the type of the photoresist. In this study, 
photolithography was used to transfer patterns from a customized photomask to a PEGDA 
film. Since our sample is liquid in room temperature, it is difficult to align it. Therefore, a 
double photolithography is applied to make smaller mask to cover the sample. Glass slides 
were firstly diced into 25 mm × 25 mm, which was followed by a series of rinsing steps 
using acetone and isopropanol, a 5-minute O2 plasma treatment was further performed to 
enhance the bonding of the photoresist and substrates. Clean glass slides were then spin 
coated with S1813 (Microchem) photoresist at a rate of 2500 rpm for 45 s and baked at 
110 °C for 10 min to allow a full annealing of the photoresist. The slices were subsequently 
move to mask aligner (MA-6 – Karl Suss) for an 8 s flush exposure with an intensity of 10 
mw/cm2 after being well aligned, and followed by a 45 s development to remove the 
exposed area.  
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Glass slides with developed photoresist patterns were loaded into an e-beam 
evaporator for coating with a 50 nm thick layer of Al. Remaining photoresist was then 
removed by a lift off process using acetone. Glass slides patterned with thin Al layers were 
then used as photomask to pattern PEGDA hydrogel film. The process of making PEGDA 
films will be demonstrated in chapter 4. 
Figure 2.2 Schematic of double photolithography to make patterned 
photomask and hydrogel film. (a) Prepare glass slide. (b) Apply photoresist. 
(c) Align photomask. (d) Expose to UV light. (e) Develop and remove 
photoresist exposed to UV light. (f) Coat a thin layer Al film by e-beam 
evaporator. (g) Rinse with acetone to remove photoresist. (h) Apply new 
photomask to the solution and expose to UV light. (i) Final patterned hydrogel. 
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3.1 Ternary Phase Diagram 
In order to explore whether phase transitions of polymer solutions can be leveraged 
to control hydrogel porosity, the ternary phase diagram of mixtures containing PEGDA, 
water, and salt (Figure 3.1) was first experimentally determined. To determine the 
boundaries between phases, 700 Da PEGDA was titrated into mixtures of NaCl and DI 
water at room temperature (23 °C) until a transition was observed. In the figure, L1 and L2 
indicate the liquid phase in which H2O and PEGDA are the majority, respectively. For the 
spinodal/binodal curve, the approximate location was determined by mixing known 
amounts of components until one liquid phase started to separate. Then the accurate critical 
composition of phase separation was determined by doing a small concentration gradient 
titration from the critical point found by in the previous coarse measurement. Since the 
equilibrium composition depended on the temperature, the phase separation status in 
solution was then checked after being kept at room temperature overnight. The location of 
solid line (between two liquid phases and three phases) was determined by a similar method. 
Centrifuge was used for helping to observe salt participation. At low salt concentrations, 
water and PEGDA are completely miscible giving rise to a single liquid phase (L). At 
higher salt concentrations, the mixture becomes an emulsion of a salt-rich liquid (L1) and 
PEGDA-rich liquid (L2), due to the limited solubility of salt in PEGDA. Further increasing 
the salt concentration leads to the precipitation of solid salt (S).          
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Figure 3.1. Ternary phase diagram showing the equilibrium phases of 
PEGDA, H2O, and NaCl at 23°C. At low salt concentrations, all three 
components form a single liquid phase (L). At higher salt concentrations, a 
salt-rich liquid (L1) and a PEGDA-rich liquid (L2) are stable. Further 
increasing the salt concentration leads to the precipitation of solid salt (S). 
 
This general behavior is similar to the phase separation behavior of ternary mixtures 
of glycerol, water, and salt.21 In order to exploit this equilibrium phase diagram to create 
porous hydrogels, one could operate in region L2-S, where PEGDA-rich L2 coexists with 
salt crystals.21 If a mixture with this composition is exposed to UV light, the PEGDA can 
crosslink around the salt crystals. Subsequent rinsing with water can be used to remove the 
salt, resulting in porous structures. Previous work has shown that the average size of these 
crystals can be adjusted to provide control over the average pore size in the polymer matrix, 
but this process provides no local control of pore size.22-28 
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3.2 Spinodal Temperature 
During transition experiments, it was found that the phase diagram is highly 
temperature sensitive, especially when the concentration is close to the spinodal boundary. 
This acknowledgement was critical to generating an accurate phase diagram as the stability 
of phases was checked after holding them overnight at room temperature. However, this 
temperature dependence could provide an avenue for controlling both the size and spatial 
distribution of phase separated domains. Similar behavior was previously studied using 
poly (propylene glycol).21 As the temperature increases, the spinodal concentration 
becomes lower and the two liquid phase region becomes lager. In particular, mixtures of 
PEGDA, water, and salt prepared at low temperature to be within the single-phase region 
L can undergo a spinodal decomposition into L1 and L2 at a spinodal temperature Ts. To 
explore this temperature-dependent miscibility, samples were prepared with compositions 
in regime L and soaked in to the water bath with constant stirring. The water bath was then 
being slowly heated until spinodal decomposition was observed, providing a measure of Ts 
(Figure 3.2.1).  
Figure 3.2.1. Set up for measuring spinodal temperature. 
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For example, in Figure 3.2.2., a precursor prepared with a PEGDA: NaCl: H2O ratio 
of 60:5:35 by weight is fully miscible at room temperature but becomes immiscible at Ts = 
32 °C. This is important because it implies that samples can be prepared and manipulated 
at room temperature and then nucleation can be initiated at a specified time, potentially 
giving rise to a relatively uniform array of porogenic domains of L1. However, as a 
nucleation process, the spinodal decomposition of L into L1 and L2 will result in drops of 
L1 whose average diameter will increase through coarsening and Ostwald ripening.29,30 
Thus, to produce a well-controlled distribution of porogens, the coarsening process must 
be halted at a specified time point. 
Figure 3.2.2. Spinodal temperature Ts at which a composition prepared in 
the region L decomposes into L1 and L2. Insets are photographs of pure L at 
low temperature and emulsions of L1 and L2 at an elevated temperature. 
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CHAPTER 4 
SIZE CONTROL OF PORES 
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4.1 Pure PEG Hydrogel Pattern Size 
In order to fully understand the properties of patterning porous PEG hydrogel, the 
patterning of pure PEG hydrogel film was first studied. Photosensitive solutions were 
prepared composed of 99.5% PEGDA by weight and 0.5% DMPA to serve as a 
photoinitiator. Silicon wafer chips were diced to be 1×1 cm2, chemically cleaned through 
rinsing with acetone and isopropanol, rendered hydrophilic upon exposure to an O2 plasma 
for 5 min, and acrylate-functionalized by drop coating them with liquid (3-acryloxypropyl) 
trimethoxysilane followed by baking at 80 °C for 2 h. After baking, the residual silane was 
removed by rinsing the samples with acetone and isopropanol. To prepare liquid films, 5 
μL of the photosensitive solution was pipetted onto the substrate and covered with a 
photomask, which is a piece of glass slide coated with patterned 50 nm thick Al layer. 
Covering the drop serves the dual purpose of flattening the film and preventing the 
diffusion of oxygen into the film, which can impede photocrosslinking in microscopic 
films.32 Acrylate functionalizing the surfaces allows the polymer to covalently attach to the 
silicon surface during photocrosslinking. The set up was then moved onto a mask aligner 
to do a flush UV exposure. In order to remove the mask covering the film and uncrosslinked 
PEGDA, the sample was then immersed in DI water for 20 min. During this process, the 
mask naturally falls off due to PEG swelling while the PEG remains attached to the silicon 
surface due to covalent bonds that formed during crosslinking.32 
  
17
 
Figure 4.1. Different pattern of pure PEG hydrogel. In (b) and (c), when the 
distance between each feature becomes close enough, a background layer 
appears resulting in the loss of pattern fidelity. 
 
Figure 4.1 shows patterns of pure PEG hydrogels created by performing lithography 
using different masks. In (b) and (c), when distance between each feature becomes close 
enough, a background layer appeared and limited the resolution of the pattern. It was also 
found that PEGDA crosslinks in just a few seconds under the UV with an intensity of 10 
mW/cm2. While, a 5 s exposure time was then chosen to ensure full crosslinking, robust 
polymer films were observed with as little as 2 s exposure time. Exposure times less than 
this likely lead to crosslinking, but the films are not well adhered to the substrate, so they 
detach during water immersion. 
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4.2 Pore Size 
Prior to exploring the interaction between light and heat in salt solutions, thin films 
were prepared to simplify analysis and minimize the importance of thermal diffusion. In 
order to explore whether crosslinking the PEG network would arrest the coarsening of L1 
domains and result in a well-defined distribution of pores, a series of experiments was 
performed in which single phase mixtures were prepared as thin films, heated above Ts, 
and subsequently photocrosslinked at a fixed delay time.  
Figure 4.2.1. Schematic of preparing a porous PEG hydrogel film. A Peltier 
heater on which a sample rests is supplied a voltage Vp. After a delay time 
τ, the sample is illuminated with ultraviolet (UV) light. 
 
The experiment set up is shown in Figure 4.2.1. Here a clean glass slide was 
used as a mask to cover the liquid film, and in situ heating was achieved by placing 
the sample on a Peltier heater (CP13535 – CUI Inc.) on a mask aligner. Prior to 
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illumination, a voltage supply (1550 DC Power Supply – BK Precision) was used 
to supply current to the Peltier. Independent measurements of the temperature 
profile on the top surface of the Peltier provided a calibration of the time- and 
voltage-dependent temperature (Figure 4.2.2). 
Figure 4.2.2. Measured temperature T vs. time t with different Vp supplied 
to the Peltier. 
 
After a specified delay time, the sample was illuminated for 5 s with 10 mW/cm2 
light from a mercury lamp. In order to remove the glass slide covering the film, salt, and 
uncrosslinked PEGDA, the sample was then immersed in DI water for 20 min. Further 
rinsing with DI water was used to ensure the complete removal of salt.  
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Modulating the delay time τ between heating and illumination allowed us to directly 
observe and capture the kinetics of phase separation and coarsening. Specifically, for τ < 
4.5 s, no pores were observed when the Peltier was powered with 2.5 V (Figure 4.2.3).  
Figure 4.2.3. Characterization of porous PEG films using optical 
microscopy (left), scanning electron microscopy (middle), and histograms 
of pore diameter d computed from electron microscopy (right). Each film 
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was prepared with Vp = 2.5 V and (a) τ = 4.5 s, (b) τ = 5.5 s, (c) τ = 7 s, and 
(d) τ = 9 s. 
 
Under these conditions, the temperature in the film had not surpassed Ts, and a 
homogeneous PEG film was produced after crosslinking. However, if τ > 4.5 s, distinct 
pores were observed. Average pore size, measured using scanning electron microscopy 
(SEM), was found to monotonically increase with τ (Figures 4.2.3 a-d). Under these 
conditions, the smallest average pore size was 450 ± 70 nm with τ = 4.5 s and the largest 
average pore size was found to be 2000 ± 260 nm with τ = 9 s. These results are consistent 
with the hypothesis that pores are dictated by the nucleation and subsequent growth of 
domains of L1. 
Figure 4.2.4. Electron micrographs showing the cross section of porous 
PEG films formed with τ = 9 s and Vp = 2.5 V. The presence of pores at the 
top and bottom interface is clearly visible. The localization of pores at the 
interface is hypothesized to be due to heterogeneous nucleation. 
 
Having synthesized pores in thin films, we sought to further understand the 
distribution and morphology of the pores. In Figure 4.2.2, the temperature raise up to 32 °C 
after 15 s at 2.5 V. However, in the experiment above, the solution becomes cloudy at 4.5 
s which is earlier than expectation. To determine whether the pores were distributed 
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uniformly across the thickness of the hydrogel film, and what influence the phase 
separation time, we sectioned one of the hydrogel films prepared with τ = 9 s. Electron 
microscopy taken of the cross section the hydrogel film revealed that the pores were 
predominantly localized on the top and bottom interfaces. These results suggest that 
heterogeneous nucleation of the domains occurs more quickly than homogeneous 
nucleation in the bulk, therefore, causes less delay time. 
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CHAPTER 5 
PATTERNING PROPERTIES 
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5.1 Dark Field Patterning 
Having shown that illumination can arrest phase separation and result in the 
formation of pores in a hydrogel film, the degree to which this process can be patterned 
was explored. To explore this, the glass slide that covered the uncrosslinked film was 
replaced with a photomask. In an initial experiment to study the photopatterning of pores 
in hydrogels, a dark field mask was studied that was composed of a series of circular 
transparent regions in a 50 nm thick aluminum film. Since PEGDA functions as a negative 
photoresist, it is anticipated that combining photolithography with coordinated heating 
would allow us to pattern porous hydrogels (Figure 5.1a). In an initial experiment using 
the photosensitive solution formulation discussed in Figure 4.2.1, the film was heated for 
  = 5.5 s and then illuminated for 5 s. As expected, porous hydrogel features were present 
in a manner that reproduced the pattern on the mask (Figures 5.1b-d). 
 
 
Figure 5.1. (a) Scheme of hydrogel patterning using a dark field photomask. 
(b) SEM image showing a porous PEG sample prepared with Vp = 2.5 V and 
τ = 5.5 s. This sample was illuminated through a mask that consisted of a 
series of transparent circles of varying size. Squares show the locations of 
magnifications depicted in (c) and (d). 
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5.2 Bright Field Patterning 
While it is reassuring to prove that these photosensitive films can serve as standard 
photoresists, the combination of a kinetic phase separation process and light sensitivity 
provides further possibilities for tuning the final structure. Specifically, if a sample of phase 
L is heated uniformly, the nucleation and growth of L1 domains could be arrested in a 
spatially dependent manner by direct light to different regions of the sample at different 
times. Such a process would result in a distribution of pore sizes that depend on position. 
While this could be realized using a spatial light modulator,33 it can be hypothesized that 
an analogous process could be achieved by spatially modulating the intensity of incident 
light. As crosslinking occurs in an intensity dependent fashion, regions with less intense 
illumination will crosslink more slowly, giving nucleation and growth of L1 more time to 
occur. In order to achieve intensity modulation, various thicknesses of aluminum films 
were deposited on a glass slide. While aluminum films thicker than 50 nm transmit less 
than 0.1% of UV light, such films partially transmit UV light in a predictable manner at 
thicknesses <50 nm.34,35 In this manner, it can be hypothesized that regions with no 
aluminum will promote rapid crosslinking while regions with 20 nm aluminum will only 
transmit ~6% of the light, leading to a longer delay between heating and complete 
crosslinking (Figure 5.2a). To test this, a bright field mask that depicted the letters ‘BU’ as 
partially opaque features composed of 20 nm of aluminum was prepared. With this mask, 
the lithographic process with   = 3 s before a 5 s illumination was repeated. Note that since 
  = 3 s is not enough time for appreciable phase separation to occur, the hydrogel film not 
covered by the mask formed a continuous hydrogel film, as expected (Figure 5.2b). 
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However, rather than the occluded regions not crosslinking, the partial opacity of the mask 
allowed these regions to crosslink at a slower pace, resulting in the features being 
reproduced as a porous domain in an otherwise non-porous film (Figure 5.2b). 
 
Figure 5.2. (a) Scheme of hydrogel patterning using a partially opaque 
bright field photomask. (b) Optical microscope picture of the letters ‘BU’ 
patterned on sample made by illumination through a bright field mask 
composed of 20 nm thick Al. Here, Vp = 2.5 V and τ = 3 s. 
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5.3 Grey-Scale Patterning 
In order to further explore the ability of spatially modulating illumination intensity 
as a path to patterning pore size, a series of heating and photolithography experiments were 
performed using greyscale masks with a variety of attenuations on the same mask (Figure 
5.3.1).  
Figure 5.3.1. Process for controlling pore sizes in a single process with a 
variable attenuation photomask. Four regions are identified: (I) pure 
hydrogel film with no pores, (II) hydrogel film with small pores, (III) 
hydrogel film with large pores, and (IV) region with no hydrogel. 
 
Specifically, a photomask was prepared by depositing two orthogonal arrays of 500 
μm wide lines. As the lines were each prepared using separate lithography and deposition 
steps, there were four distinct thicknesses of aluminum on the sample: 0, 10, 20, and 30 
nm. (Figure 5.3.2) 
 
Figure 5.3.2. Scheme of processing four distinct thicknesses of aluminum 
on one photomask. 
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These thicknesses were chosen such that τ = 3 s would lead to films with four 
distinct regions: a region with no pores corresponding to the bare slide (I – 100% 
transmission), a region with small pores corresponding to the 10 nm thick aluminum (II – 
25% transmission), a region with large pores corresponding to the 20 nm thick aluminum 
(III – 6% transmission), and a region that is not crosslinked corresponding the 30 nm thick 
aluminum (IV – ~1% transmission) (Figure 5.3.1), highlighting the ability of this approach 
to generate the complete range of features in one step. After heating, illumination for 3 s, 
and liftoff, samples were studied using optical microscopy (Figure 5.3.3a) and the four 
regimes were produced as expected. The pattern fidelity was further confirmed using 
optical profilometry (Figure 5.3.3b). 
 
Figure 5.3.3. (a) Photograph and optical micrographs of sample with 
patterned porosity prepared with Vp = 2.5 V and τ = 3 s. Magnified images 
show regions II (bottom left) and III (bottom right). (b) Surface topography 
image from optical profilometry depicts the height difference in the four 
regions. 
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CONCLUSION 
In summary, this study has demonstrated that arresting the phase separation of 
mixtures of polymer, salt, and water can be leveraged to prepare hydrogel films with 
spatially patterned porosity. In a single lithographic step, it is possible to control the size 
and distribution of pores within a hydrogel as well as the presence or absence of the 
hydrogel itself. This is not possible using conventional salt leaching processes or any 
process that is based upon a pre-existing porogen. As the operating principles of this 
approach are general to hydrophilic polymers, this approach is expected to be applicable 
to a number of material systems including gels based upon other synthetic polymers or 
those that are naturally occurring. Finally, the scalability inherent to photolithography 
indicates that films can be made at large scale with control over features at the sub-
micrometer scale. In addition to providing an example of how top-down control can be 
combined with a bottom-up process for advanced nanomanufacturing,36 being able to 
address these hierarchical length scales in a biocompatible material system presents 
opportunities for adopting structures made through this approach for applications in tissue 
engineering. 
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